The pH values of six buffer solutions of equal compositions on the molal scale and eight buffer solutions having ionic strengths (I = 0.16 mol·kg -1 ) similar to the concentration of blood plasma have been evaluated at 12 temperatures from 5 to 55 °C using the Bates-Guggenheim convention and extended Debye-Hückel equation. The values of E j for the buffer solution of HEPBS have been obtained from the flowing junction cell measurement. These values of E j have been used to ascertain the operational pH values at 25 and 37 °C for HEPBS buffer solution. The pH values at 25 and 37 °C are 7.415 and 7.395, respectively, for physiological phosphate buffer solutions. The zwitterionic buffer HEPBS was shown to be useful as a secondary pH standard in the region close to that of blood serum.
INTRODUCTION
Recently, we have reported the pK 2 values of N-(2-hydroxyethyl)piperazine-N'-4-butanesulfonic acid (HEPBS) [1] at temperatures from 5 to 55 °C, including 37 °C. The buffer substances recommended by Good et al. [2, 3] are useful for the control of pH in the region close to that of physiological solutions. The structure of HEPBS is shown in Fig. (1) .
Fig. (1). N-(2-hydroxyethyl)piperazine-N'(4-butanesulfonic acid) (HEPBS)
Bates and his associates [4] reported pK 2 values and related thermodynamic quantities from 5 to 55 °C, at 5 °C intervals. These values are in very good agreement with those of Roy and associates [1] . Calibration of the electrodes with the pH meter at pH near 7 is routine in clinical laboratories. The NBS "blood buffer", KH 2 PO 4 (0.008695) + Na 2 HPO 4 (0.03043 mol·kg -1 ) has been universally adopted as a reference standard solution. The limitations of the 'blood phosphate buffer' are: (a) no resistance of the sample matrix of the blood ingredients [5] , resulting in precipitation with bivalent cations, and (b) the temperature coefficient of the blood does not match with that of the phosphate buffer.
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The buffer substances recommended by Good [2, 3] are useful for pH measurement and control of acidity in the pH range 6-8. Roy and coworkers [6] have reported the pK 2 data and pH values of N-substituted amino acid buffer, bis-[(2-hydroxyyethyl)amino]acetic acid (BICINE), and the values of pH for the buffer TRICINE [7] . The values of pK 2 and pH for the buffer HEPES have been published by Feng and coworkers [8] . The thermodynamic quantities (pK 2 and pH) of physiological buffers MOPS and MOPSO have been published by Roy and coworkers [9] , and Wu and associates [10] , respectively. These buffer solutions lie in the physiological pH range 6-8. Bates and coworkers [11] recommended TRICINE buffer as a primary standard for pH measurement. Goldberg and associates [12] published pK 2 data and related thermodynamic quantities for the ionization reactions of 68 biological buffer compounds. They clearly indicated that no data for pK 2 and pH are available for the buffer material HEPBS.
Hence, we are prompted to study the following composition of HEPBS buffer on the molal scale of concentration expressed in mol·kg -1 . Exact values of the molalities of buffer, HEPBS, NaHEPBS, and NaCl are put in brackets for the following compositions: (a) HEPBS (0.02) + NaHEPBS (0.02), (b) HEPBS (0.04) + NaHEPBS (0.08), (c) HEPBS (0.08) + NaHEPBS (0.08), (d) HEPBS (0.04) + NaHEPBS (0.04), (e) HEPBS (0.05) + NaHEPBS (0.05), (f) HEPBS (0.06) + NaHEPBS (0.06), (g) HEPBS (0.02) + NaHEPBS (0.04) + NaCl (0.12); (h) HEPBS (0.03) + NaHEPBS (0.06) + NaCl (0.10), (i) HEPBS (0.04) + NaHEPBS (0.08) + NaCl (0.08), (j) HEPBS (0.03) + NaHEPBS (0.09) + NaCl (0.07), (k) HEPBS (0.04) + NaHEPBS (0.04) + NaCl (0.12), (l) HEPBS (0.05) + NaHEPBS (0.05) + NaCl (0.11), (m) HEPBS (0.06) + NaHEPBS (0.06) + NaCl (0.10), (n) HEPBS (0.08) + NaHEPBS (0.08) + NaCl (0.08).
EXPERIMENTAL
HEPBS, purchased from the Sigma Chemical Co., was recrystallized twice from 85 wt. % ethanol. The sample was vacuum dried. The purified compound was assayed by titration with a standard solution of NaOH. The purity of the sample was 99.94%. All buffer solutions for the cell measurements were prepared by weight methods by adding weighted amounts of conductivity water, buffer material, NaCl, and NaOH standard solution. Thinly coated platinum black hydrogen electrodes and the thermal-electrolytic silver-silver chloride electrodes were prepared as described in the literature [1, 9] .
For accurate calculations of pH values of the fourteen buffer solutions, the following cell (A) without liquid junction was used for emf measurement:
in which species in solution are expressed in molalities. The liquid junction potential, E j , was measured using a cell of the type: 
The cells (B) and (C) yield E j values for HEPBS, and NIST standard phosphate buffer, respectively. The Eqs. [8, 9] used to calculate the liquid junction potential are given below:
 SCE E in which data for SCE , k, and pH for NIST phosphate standard buffer at 25 and 37°C are available in the literature [6] . The operational definition of pH, abbreviated pH(x), is given below:
in which x indicates HEPBS + NaHEPBSate buffer, s refers to pH standard phosphate solution, and
Without liquid junction contribution, the simlipfied Eq. 3 is obtained:
METHODS AND RESULTS
The electromotive force values of the galvanic cell (A) after the usual pressure correction to 1 atm for all experimental buffer solutions and temperatures are entered in Tables 1  (without Cl  -) and 2 (with Cl -), respectively.
The pa H values of all buffer solutions including isotonic saline solutions (I = 0.16) have been calculated by using the standard methods of Bates et al. [9, 11, 13] . The values oflog(γ H γ Cl m H ) or p(a H γ Cl ) known as the acidity function for six buffer solutions with Cl¯ ion, and 12 temperatures were derived from Eq. (4), given below:
The linear plot of p(a H γ Cl ) versus molality of chloride ion, m Cl -, yields values of p(a H γ Cl )° at m Cl -= 0. The values of E, E°, and m Cl -can be obtained from Tables 1 and 2 . From the intercept of the plot, these values of p(a H γ Cl )° for six buffer solutions with an accuracy of ± 0.001 are listed in Table 3 . The values of p(a H γ Cl ) from 5 to 55 °C for eight isotonic saline buffer solutions (I = 0.16) containing NaCl are entered in Table 4 . The values of pH(s) for six Cl -free buffer solutions were estimated from Eq. 5 shown below:
The extended Debye-Hückel equation of the BatesGuggenheim convention [4, 9] was used for the calculation of the single ion activity coefficient,
lo ecessary in the assignment of pH values for standards of reference buffer solutions [8, 10, [14] [15] [16] [17] [18] . The Eq. 6 given below was used for the estimation of
in which I, A, B, and C have the usual physical significance [1, [6] [7] 13] .
The zwitterionic form of HEPBS was assumed to make no contribution to the ionic strength (I). Since pH values of HEPBS buffer solutions are close to 7, hydrolysis of HEPBS and Na-HEPBS are ignored. The adjustable parameter C was estimated from the quadratic equation of the form shown below in Eq. 7:
where C 25 = 0.032 kg·mol -1 at 25 °C and t is the temperature in degrees C [8] .
By using Eqs. 4-7, the values of pa H for six Cl -free buffer solutions are given in 
The uncertainties obtained by the method of least squares from Eqs. 14 to 21 are 0.0014, 0.0009, 0.0015, 0.0017, 0.0010, 0.0010, 0.0010, and 0.0009, respectively.
CONCLUSIONS
The emf values listed in Tables 1 and 2 , of the cell (A) are stable, reproducible and reliable within ± 0.02 mV. The standard deviations of the values of p(a H γ Cl )°, given in Table  3 , for six chloride free buffer solutions and p(a H γ Cl ) for eight buffer solutions with chloride, listed in Table 4 Table 7 b Obtained from Eq. 2 and E j values in Table 8 c Obtained from Tables 5 and 6 .
The emf values at 25 and 37 °C, are obtained from Harned cells (B) and (C). The values of E j listed in Table 8 are obtained from Eq. 1. Table 9 lists the pH values of five buffers at 25 and 37 °C with and without the liquid junction correction. The pH values with E j correction [18] are in good agreement with that of the calculated value. The use of Bates-Guggenheim convention is inapplicable at an ionic strength I = 0.16. Hence IUPAC and NIST [17] recommend the use of Pitzer formalism [21] at this concentration for the estimation of the single ion activity coefficient, γ Cl . Partanen and coworker [19] , and Covington and Ferra [20] , applied Pitzer theory for the calculation of γ Cl for NIST blood phosphate buffers in the assignment of pH values. The uncertainties in the pa H values are generally due to E j estimation, the estimation of  Cl , and the extrapolation to p(a H γ Cl )°. The overall uncertainty is about ±0.006 pH unit for buffer solutions without Cl -and ±0.008 for solutions with Cl -. Low liquid junction potential values, E j , listed in Table 8 indicate HEPBS to be included as secondary standard for pH measurement near pH 7-8.
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